Abstract Dissolved organic matter (DOM) in groundwater influences water quality and fuels microbial metabolism, but its origins, bioavailability and chemical composition are poorly understood. The origins and concentrations of dissolved organic carbon (DOC) and bioavailable DOM were monitored during a long-term (2-year) study of groundwater in a fractured-rock aquifer in the Carolina slate belt. Surface precipitation was significantly correlated with groundwater concentrations of DOC, bioavailable DOM and chromophoric DOM, indicating strong hydrological connections between surface and ground waters. The physicochemical and biological processes shaping the concentrations and compositions of DOM during its passage through the soil column to the saturated zone are conceptualized in the regional chromatography model. The model provides a framework for linking hydrology with the processes affecting the transformation, remineralization and microbial production of DOM during passage through the soil column. Lignin-derived phenols were relatively depleted in groundwater DOM indicating substantial removal in the unsaturated zone, and optical properties of chromophoric DOM indicated lower molecular weight DOM in groundwater relative to surface water. The prevalence of glycine, caminobutyric acid, and D-enantiomers of amino acids indicated the DOM was highly diagenetically altered. Bioassay experiments were used to establish DOCnormalized yields of amino acids as molecular indicators of DOM bioavailability in groundwater. A relatively small fraction (8 ± 4 %) of DOC in groundwater was bioavailable. The relatively high yields of specific D-enantiomers of amino acids indicated a substantial fraction (15-34 %) of groundwater DOC was of bacterial origin.
monitoring dissolved organic matter (DOM) through measurements of dissolved organic carbon (DOC) concentrations (Leenheer et al. 1974; Barcelona 1984) . Concentrations of DOC can reflect the likelihood of contamination by synthetic organic compounds (Barcelona 1984) . Humic and fulvic acids in DOM affect the solubility of organic pollutants in groundwater and can contribute to the long-range transport of harmful chemicals (Chiou et al. 1986 ). High DOC loading in groundwater can also lead to production of carcinogenic disinfection byproducts during drinking water treatment (Singer 1994; Chomycia et al. 2008) . Groundwater DOM also serves as a source of carbon and energy for heterotrophic metabolism and drives the bioremediation of many contaminants (Hendriksen et al. 1992; McCarty 1997; Baker et al. 2000) .
Early studies of groundwater emphasized measuring the concentrations of DOC, so little is known about the origin, composition, and bioreactivity of groundwater DOM (Leenheer et al. 1974; Thurman 1985) . More recent studies indicate surface plant litter and soil are important sources of DOM in groundwater (Baker et al. 2000; Kalbitz et al. 2000) . Surface precipitation drives the transport of DOM through the soil column to the saturated zone. During infiltration, selective interactions between DOM and soil minerals occur and result in differential retention of certain DOM constituents within the soils. This concept has been described in the regional chromatography model in river systems and is also applicable to groundwater environments (Jardine et al. 1989; Qualls and Haines 1992; Kaiser et al. 2004 ). The chemical composition and bioavailability of DOM, which are key factors affecting water quality and diagenetic processes in groundwater, are altered during its transport through the soil column. The bioavailability of DOM is tightly linked to its origins and its utilization by microorganisms and is not readily reflected in the concentrations of DOC (Benner 2003; Chapelle et al. 2009 ).
Bioavailability of DOM is commonly measured using bioassay experiments (e.g., Sondergaard and Middelboe 1995), which are time consuming to conduct and therefore limited in spatial and temporal coverage. Molecular analyses of specific biochemical components of DOM can provide qualitative and quantitative insights about the bioavailability and diagenetic alteration of DOM without conducting bioassay experiments (Benner 2003; Davis and Benner 2007; Shen et al. 2012a) . Amino acids are bioreactive components of DOM and have been used as molecular indicators of bioavailable DOM in marine environments (Benner 2003; Davis et al. 2009 ) and have been applied recently to groundwater (Chapelle et al. 2009 ). The composition of hydrolysable amino acids in DOM can be informative for revealing the extent of diagenetic processing of DOM. For instance, mole fractions of glycine, non-protein amino acids (b-alanine and c-aminobutyric acid), and D-enantiomers of amino acids (D-AA) increase with advancing diagenetic alteration of DOM (Jørgensen et al. 1999; Davis and Benner 2005; Kaiser and Benner 2009 ). Likewise, some biomolecules have specific sources and can be excellent tracers of the origins of DOM. Lignin is a structural biopolymer unique to vascular plants, making lignin phenols biomarkers of plant-derived DOM (Meyers-Schulte and Hedges 1986; Opsahl and Benner 1997; Benner et al. 2005) . The combined forms of D-aspartic and glutamic acids, D-serine, and D-alanine occur in a variety of macromolecules that are only found in bacteria, thereby serving as useful biomarkers for tracing bacterialderived DOM (McCarthy et al. 1998; Kaiser and Benner 2008) .
Several studies have examined the bioavailability of DOM in groundwater using amino acids and other bioreactive compounds (e.g., carbohydrates) (Routh et al. 2001; Chapelle et al. 2009; Peter et al. 2012 ). These studies have provided a snapshot of the relatively low bioavailability of DOM in groundwater. Nevertheless, the temporal variability of DOM bioavailability and its connection with surface DOM are poorly understood. Microbes, especially heterotrophic bacteria, play an important role in transforming bioavailable DOM to refractory DOM (Ogawa et al. 2001) . The bacterial contributions to groundwater DOM, however, have not been investigated.
In this study, long-term (2-year) variations of DOC concentration, origin, composition and bioavailability were monitored monthly in a fractured-rock aquifer in the Carolina Slate Belt overlain by weathered bedrock located in South Carolina. The Carolina Slate Belt consists of sedimentary rocks of Cambrian age (*550 million years) that have been subjected to several cycles of high-to low-temperature metamorphosis (Hibbard et al. 2002) . These metamorphic events transformed the sediments into lithified phyllites, slates, mica schists, and quartzites intruded with metaigneous rocks. Importantly, these metamorphic events effectively coalified the organic carbon originally buried with the sediments, presumably rendering it largely non-biodegradable. Thus, DOM present in the groundwater in this region is predominantly derived from surface litter and soil rather than from the fractured-rock aquifer matrix.
Materials and methods

Sample collection
Groundwater samples were collected from a U.S. Geological Survey (USGS) well (site number: 340837081173800-RIC-748; 34°08 0 37 00 N, 81°17 0 38 00 W) located in a forested area of Richland County, South Carolina. The well is part of the USGS climate response network because it reflects climatic variability (e.g., seasonal changes in recharge and subsequent water levels), and not human influences (Cunningham et al. 2007 ). The well was drilled to a depth of 76 m through a soil horizon, weathered bedrock, (0-12 m) and fractured rock (12-76 m) , with an open hole below the casing depth of 12 m. The average water temperature in the well was 17 ± 1°C and the water level varied from 2.3 to 6.7 m below the land surface during the study period from July 2010 to August 2012. The well (domestic) was shut off at least 8 h prior to sampling. Water samples were pumped from a depth of 9 m with a peristaltic pump at a flow rate of about 500 mL min -1 . Water pressure between the fractures recorded at 33, 51, and 66 m was likely different due to differences in depth, and convection currents due to temperature differentials would occur without recent pumping (Vroblesky et al. 2006) , resulting in water mixing within the well. The collected samples are therefore thought to integrate the optical and biochemical characteristics of water and DOM throughout the saturated zone. Groundwater samples were collected approximately at monthly intervals (n = 24). Surface water samples were collected from small creeks in the vicinity (\1 km) of the well (n = 4). Water samples were collected in clean amber glass bottles, stored in the dark at 4°C, and processed in the laboratory within 72 h of collection. Samples were filtered through pre-cleaned 0.2-lm pore-size membrane filters (Supor Ò -200, Life Sciences) prior to optical and chemical analyses.
Bioassay experiments
Two different types of bioassay experiments were used to measure (1) the microbial utilization and bioavailability of DOM, and (2) the microbial production of DOM. In the DOM bioavailability experiments, ground and surface waters were filtered through pre-combusted filters (0.7 lm pore-size GF/F, Whatman) to remove most particles and eukaryotes while leaving the prokaryotic community largely intact. Filtered water samples were incubated in duplicates (500 mL) in glass bottles and kept in the dark at room temperature (23-26°C). Concentrations of DOC and amino acids were monitored on days 0, 7, 14, 21, 28, 35, and 42 . In the bacterial DOM production experiments, a groundwater inoculum was prepared by filtering a water sample (0.7 lm pore-size GF/F), and a 1:50 dilution of the filtered water was added as an inoculum to a mineral media with an adjusted pH (*6.9) similar to that in the groundwater inoculum (Porcella et al. 1980) . Glucose (250 lmol C L ) and monopotassium phosphate (2.6 lmol L -1 ) were added as N and P sources. Three replicates (500 mL each) were incubated in the dark at room temperature (23-26°C). Subsamples for DOC and amino acids were collected on days 0, 2, 4, 9, 14, 21, and 28. In both experiments, water samples were filtered through pre-cleaned 0.2-lm pore-size membrane filters (Supor Ò -200, Life Sciences) before analysis.
Chemical and optical analyses
Concentrations of DOC were measured using hightemperature combustion via a Shimadzu TOC-V analyzer (Benner and Strom 1993) . Milli-Q UV-Plus water was injected every 6th sample as a blank and the blanks were negligible. Absorbance spectra (250-800 nm) of water samples were determined using a dual-beam Shimadzu 1601 spectrophotometer and 10-cm quartz cuvettes. For highly absorbing surface water samples, 1-cm quartz cuvettes were used. Absorbances corrected for blank (the average absorbance between 690 and 700 nm) were converted to Napierian absorption coefficients: a k (m -1 ) = 2.303 A k /r, where A k is the absorbance measured across pathlength r at a wavelength of k. Spectral slope coefficients, S, were calculated using a linear fit of log-linearized a k : a k = a k0 exp [-S (k-k 0 )], where a k and a k0 are absorption coefficients at wavelengths k and k 0 (k [ k 0 ). In this study, S in the 275-295 and 350-400 nm spectral ranges were determined and are reported as S 275-295 and S 350-400 with units of nm -1 . The slope ratio, S R , was calculated as the ratio of S 275-295 to S 350-400 . Specific UV absorbance at 254 nm (SUVA 254 ) was determined by dividing the UV absorbance at 254 nm by the DOC concentration and is reported in units of L mgC -1 m -1 (Weishaar et al. 2003) . The D-and L-enantiomers of amino acids were analyzed using an Agilent 1200 high-performance liquid chromatography system equipped with a fluorescence detector. Water samples were dried under nitrogen gas and subjected to vapor-phase hydrolysis with 6 mol L -1 hydrochloric acid at 150°C for 32.5 min in a CEM Mars 5000 microwave (Kaiser and Benner 2005) . Free amino acids were analyzed in a subset of samples that were not hydrolyzed. Amino-acid enantiomers were derivatized with o-phthaldialdehyde and N-isobutyryl-L-cysteine and were separated on a Poroshell 120 EC-C18 (4.6 9 100 mm, 2.7 lm particles) column. Acid-catalyzed racemization of enantiomers during hydrolysis was corrected according to Kaiser and Benner (2005) . Eighteen amino acids were included in the analysis: asparagine ? aspartic acid (Asx), glutamine ? glutamic acid (Glx), serine (Ser), histidine (His), glycine (Gly), threonine (Thr), b-alanine (b-Ala), arginine (Arg), alanine (Ala), c-aminobutyric acid (c-Aba), tyrosine (Tyr), valine (Val), phenylalanine (Phe), isoleucine (Ile), leucine (Leu), and lysine (Lys). D-enantiomers of Asx, Glx, Ser, and Ala were reported in this study. DOCnormalized yields of total dissolved amino acids (TDAA) were calculated as: TDAA ð%DOCÞ ¼ carbon in TDAA DOC Â 100, where the denominator and numerator represent concentrations of total DOC and the DOC comprised by TDAA, respectively. The two non-protein amino acids (b-Ala and c-Aba) are thought to be by-products of diagenesis and were not included in the yield calculation.
Lignin phenols were analyzed in four surface and groundwater samples to trace plant-derived molecules in the DOM. Water samples (1-4 L) were filtered through Nuclepore filters (0.2-lm pore size) and were acidified to pH 2.5 with 5 mol L -1 sulfuric acid. Acidified samples were extracted using C-18 cartridges (Varian MegaBond Elut) at a flow rate of 50 mL min -1 (Louchouarn et al. 2000) . Dissolved lignin was eluted in 30 mL of methanol and analyzed using the CuO oxidation method as described by Kaiser and Benner (2012) . Lignin oxidation products were determined as trimethylsilyl derivatives and quantified using an Agilent 7890 gas chromatograph with a DB5-MS capillary column and an Agilent 5975 mass selective detector. Eight lignin phenols were measured: vanillin (VAL), acetovanillone (VON), vanillic acids (VAD), syringaldehyde (SAL), acetosyringone (SON), syringic acid (SAD), p-coumaric acid (CAD), and ferulic acid (FAD). The sum of six lignin phenols (VAL, VON, VAD, SAL, SON, and SAD) are reported in this study as total dissolved lignin phenols (TDLP 6 ). DOC-normalized yields of TDLP 6 were calculated as the percentage of DOC measured in these six lignin phenols.
Bacterial contributions to DOC
Bacterial contributions to groundwater DOC were estimated using D-amino acids as tracers of bacterial carbon (Kaiser and Benner 2008) . The fraction of bacteriallyderived DOC was calculated as: Bacterial DOC ð%Þ ¼ 
Statistical analyses
The significance of correlations between variables was determined using a Pearson Correlation (two-tailed, a = 0.05). For variables that were not normally distributed, the Spearman's rho test was used (twotailed, a = 0.05). Normality of variables was tested using a Kolmogorov-Smimov (K-S) test (two-tailed, a = 0.05). Statistical differences were assessed using the Mann-Whitney U test (two-tailed, a = 0.05) because this test does not require assumptions of normality and equal group size. All the statistical analyses were performed using SPSS 20.0 (IBM Statistical Package for the Social Sciences Inc.).
Results
Concentrations of DOM in ground and surface waters
The concentrations of DOC in groundwater displayed moderate temporal variations and ranged from 69 to
, which were *10 times lower than those (322-1,538 lmol L -1 ) in surface water ( Fig. 1a ; Table 1 ). The absorption coefficient, a 254 , varied from 3.01 to 4.82 m -1 in groundwater, and had a maximal value in March 2012 when the highest concentrations of DOC were measured ( Fig. 1b ; Table 2 ). Temporal patterns of a 254 and DOC concentrations were similar, and a significant relationship was found between these variables (a 254 = 0.058 9 DOC-1.24, R 2 = 0.785, p \ 0.001, n = 24). Concentrations of TDAA in groundwater ranged from 111 to 234 nmol L -1 , which were *25-fold lower than those (1,668-5,880 nmol L -1 ) in surface waters (Table 1) . Compared with DOC concentrations, TDAA concentrations were more variable and displayed a different temporal pattern (Fig. 1a, c) . Combined forms of D-amino acids (D-AA) were measured in groundwater and the total concentrations of D-AA ranged from 8.0 to 19 nmol L -1 ( Fig. 1d ; Table 1 ).
Bioavailable DOM in ground and surface waters
Concentrations of DOC decreased from 95 to 81 lmol L -1 in groundwater and from 608 to 429 lmol L -1 in surface water during 35-days of incubation ( Fig. 2) in the unamended bioassay experiments. No change and a minor decline (*2 %) in DOC concentrations were observed after 35-days in ground and surface waters, respectively. Bioavailable DOC (BDOC) accounted for 14 and 29 % of the DOC in ground and surface waters, respectively. A larger decrease in TDAA concentrations was observed, with 54 and 68 % utilized during 35-days in ground and surface waters, respectively (Fig. 2) .
The average DOC-normalized yield of TDAA was significantly lower in groundwater (0.68 ± 0.17 % DOC, n = 24) than in surface water (2.25 ± 1.57 % DOC, n = 4) (p \ 0.002; Table 1 ). During 35-days of incubation, TDAA yields declined from 1.02 to 0.43 % of DOC in groundwater (Fig. 3a) . In surface water, TDAA yields followed a similar pattern (from 2.13 to 0.81 % DOC) but were higher at the end of the experiment (Fig. 3a) .
The BDOC at each time point (t i ) was calculated as the difference in DOC concentrations between t i and day 35 in the groundwater experiment. A significant positive relationship was observed between percentages of BDOC and TDAA yields (R 2 = 0.975, p \ 0.001; Fig. 3b ). Based on these experimental results, we assumed that all BDOC was utilized when TDAA yields were below 0.43 % DOC. TDAA yields varied from 1.02 to 0.43 % DOC during the experiments, and the yields in all but one of the field samples fell within this range (Table 1) .
A 2-year time series of BDOC in groundwater samples was derived from TDAA yields. The calculated percentages of BDOC exhibited large seasonal variations and ranged from 1 to 17 % (avg. 8 ± 4 %; Fig. 4 ). The influence of precipitation on the relative abundance of BDOC in groundwater was investigated by correlating the integrated surface precipitation during the previous 1-60 days with the percentage of BDOC in groundwater. The most significant correlation was observed between the percentage of BDOC and the previous 10-days of precipitation (r = 0.735, p \ 0.001; Table 3 ; Fig. 4 ). The correlation was weaker when longer preceding time periods of precipitation were considered (e.g., 27-days; r = 0.419, p \ 0.05; Table 3 ). In general, high percentages of BDOC occurred immediately after precipitation events and low percentages of BDOC occurred during periods lacking precipitation (Fig. 4) . One exception occurred in August 2012, when precipitation was very high (20.45 cm; data not shown) and BDOC did not increase proportionally. Transpiration by vegetation is very high during the summer, thereby reducing groundwater recharge. Thus, high percentages of BDOC appear to correlate with active recharge to the aquifer, whereas low percentages of BDOC correlate with a lack of recharge.
DOM diagenesis in ground and surface waters
Three amino acid-based indicators of DOM diagenesis were developed from the unamended incubation experiments (Fig. 5) . Mole percentages of glycine increased gradually from 22 to 33 % throughout the incubation period in surface water (Fig. 5a ). In comparison, mole percentages of glycine in groundwater started with a lower initial value (16 %) but increased rapidly and were similar to values (30-31 %) in surface water (Fig. 5a ).
Mole percentages of c-aminobutyric acid (c-Aba) were similar in the initial ground and surface waters and increased dramatically from 1.2 to 5.5 % in groundwater while only a minor increase (from 0.84 to 1.4 %) was observed in surface water (Fig. 5b) . Mole percentages of D-AA in groundwater increased threefold after 14-days and reached a plateau (23 %) after 28-days (Fig. 5c) . In surface water, D-AA increased to 19 % on day 14 and then remained constant (Fig. 5c ). Average mole percentages of glycine, c-Aba, and D-AA were all significantly higher in groundwater than in surface water (p \ 0.005; Fig. 5d , e, f). Differences were most pronounced in cAba, which was sixfold higher in groundwater, followed by D-AA and glycine (Fig. 5d, e, f) . Likewise, mole percentages of c-Aba showed the most pronounced temporal variations in groundwater, followed by D-AA and glycine (Fig. 6) . Significant negative correlations were observed between Table 1 continued Table 3 ). A large decline in the mole percentage of c-Aba during August 2012 corresponded to a very high precipitation event. Declines were less substantial in D-AA and were not observed in the mole percentage of glycine (Fig. 6 ).
Origins of DOM in groundwater
Lignin phenols (TDLP 6 ) were measured in two groundwater samples and two surface water samples, with much lower concentrations occurring in groundwater (Table 4) . The acid to aldehyde ratios of vanillyl and syringyl phenols were not significantly (Table 2) . Examining the correlation between SUVA 254 in groundwater and various periods (1-60 days) of integrated precipitation revealed the best relationship when using the previous 27-days of precipitation (r = 0.600, p \ 0.005; Fig. 7b ). Likewise, concentrations of DOC were found to correlate best with the previous 27-days of precipitation (Table 3 ; Fig. 7a) .
The yields of D-AA in freshly-produced bacterial DOM were used to calculate the bacterial contribution to DOC in groundwater (Table 5 ; Fig. 7c ). Bacterial DOC in groundwater varied from 15 to 34 % of the total DOC, with an average value of 20 ± 4 % (Fig. 7c) . Percentages of bacterial DOC were not significantly correlated with precipitation ( Fig. 7c ; Table 3 ).
Discussion
The regional chromatography model Surface water, soil, and groundwater are hydrologically linked as precipitation and other forms of surface water percolate through soils to the saturated zone (Sophocleous 2002) . Selective interactions among water, organic matter, soil minerals, and microorganisms result in varying retention times of dissolved molecules during migration through the soil column, a phenomenon that has been described as regional chromatography . Aluminosilicate clay minerals and metal oxides/hydroxides in soil selectively retain specific functional groups of organic molecules. Hydrophobic constituents are more strongly sorbed and more slowly transported through soils than hydrophilic molecules (Jardine et al. 1989; Gu et al. 1995; Kaiser et al. 2004 ). Molecular hydrophobicity is primarily controlled by molecular size, polarity, charge, and bioavailability (Jardine et al. 1989; Gu et al. 1995; Arnarson and Keil, 2000; Theng 2012) . Soil organic matter is subjected to degradation and remineralization by microbiota (Baker et al. 2000) , which also release metabolites (Kawasaki and Benner 2006; Kaiser and Kalbitz, 2012; Hobara et al. 2014) . Hydrology drives DOM transport through the soil column, and physicochemical and biological processes control retention time and shape the concentrations and compositions of colloidal and dissolved molecules during passage through the soil column (Fig. 8) .
The long-term monitoring of precipitation and groundwater DOM demonstrated variable temporal patterns in the hydrological connectivity between surface and ground waters in the present study. The concentrations of DOC in groundwater were significantly correlated with the previous 27-days of precipitation. This feature was observed throughout the 2-year sampling period, revealing a tight DOM connection between surface and ground waters. The measurements of plant-derived lignins in groundwater provide corroborated evidence for this statement. The continuity and strength of this hydrological connection can vary greatly with surface DOM concentrations, unsaturated zone sorption capacity, and the timing and intensity of precipitation (Datry et al. 2006) . One example from this study is the uncoupling between DOC concentrations and precipitation during the last two sampling periods. A major precipitation event occurred at this time and it appeared to overwhelm the leaching capacity of soils resulting in a decrease in DOC concentrations in the groundwater. Baker et al. (2000) observed a similar variation in groundwater DOC concentration in response to the snowmelt. Table 3 Correlation matrix between precipitation (previous 10-days and 27-days) and DOM parameters in groundwater
10-days 
The hydrological connections between surface and ground waters drives chromatographic migration of organic molecules through the soil columns described in the regional chromatography model. The concentrations of DOC were *10-fold lower in groundwater than in surface water, apparently due to biotic and abiotic removal processes. Surface soils are important sources of DOC in groundwater (Baker et al. 2000; Aravena et al. 2004) . Assuming DOC concentrations in surface waters are representative of those in surface soils, about 90 % of surface-derived DOC is removed prior to reaching the saturated zone. The unamended bioassay experiments indicated *29 % of surface water DOC was bioavailable, suggesting a large fraction of DOC was removed by abiotic processes (e.g., sorption) during infiltration (Kalbitz et al. 2000) . The unsaturated zone in the present study contains a weathered clay layer (saprolite) where strong DOC sorption usually occurs (Jardine et al. 1989; Kalbitz et al. 2000) . The relatively low concentrations of DOC in groundwater are consistent with pervious studies showing decreasing concentrations of DOC with soil depth (Pabich et al. 2001; Goldscheider et al. 2006; Inamdar et al. 2011) .
Linking groundwater DOM with surface precipitation revealed differential transport of DOM constituents through soils. The bioavailable fraction of DOC and other amino acid parameters were most strongly correlated with the previous 10-days of precipitation, whereas DOC and the fraction of plant-derived DOM, as indicated by SUVA 254 , were correlated with a longer precipitation period (27-days). These patterns are indicative of regional chromatography, which describes the selective removal and differential retention of DOM constituents during transport from surface to ground waters. Molecular properties (e.g., size, hydrophobicity, and charge) affect sorption processes, with hydrophobic macromolecules, such as lignins, being preferentially sorbed onto minerals and retained for longer periods of time during passage through the soil column (Kaiser et al. 2004; Inamdar et al. 2012) . Some bioavailable components of DOM, such as amino acids and carbohydrates, are highly mobile and eluted rapidly to the saturated zone (Kaiser et al. 2004 ). Fungi and bacteria are abundant in soils, exposing DOM to a diverse array of enzymes that selectively alter and remineralize components during their percolation through the soil (Kalbitz et al. 2000) . Low concentrations of lignin-derived phenols were measured in groundwater samples, indicating substantial removal of these plant-derived molecules during transport through the soil. The DOC-normalized absorbance at 254 nm, SUVA 254 , has been used to trace the lignin component of DOM in rivers (Spencer et al. 2010) and is used in this study for tracing the fraction of plant-derived DOM in groundwater. Significantly lower SUVA 254 values in groundwater than in surface water corroborate the relatively low concentrations of plant-derived chromophoric DOM in groundwater. The SUVA 254 values reported in this study fall within the range of values measured in groundwater and in rivers dominated by groundwater inputs (Spencer et al. 2008; Chapelle et al. 2011; Inamdar 2011; Spencer et al. 2012 ). The S 275-295 values in groundwater were significantly higher than those in surface waters (Shen et al. Data are reported as the average ± standard deviation Biogeochemistry (2015) 122:61-78 73 2012b; this study), indicating the average molecular weight of DOM in groundwater is lower than that in surface water (Helms et al. 2008) . Microbial degradation and sorption onto minerals in the unsaturated zone are likely responsible for the removal of lignin and other components of chromophoric DOM (Kaiser et al. 2004; Inamdar et al. 2011; Ward et al. 2013) .
DOM bioavailability in groundwater
The bioavailability of DOC is commonly determined using bioassay experiments, and in the present study this approach was used to develop a molecular indicator of BDOC that could be measured in water samples without conducting the time consuming bioassay experiments during each collection of groundwater samples (Benner 2003; Davis and Benner 2007) . The fraction of BDOC in groundwater was estimated using TDAA yields based on the robust relationship between these variables during bioassay experiments. We assumed that no DOC was bioavailable when TDAA yields were below 0.43 % DOC, the lowest value observed during the 42-days bioassay experiments. This threshold value is at the lower end of the range of values (0.4-0.8 % DOC) observed in deep ocean water, where BDOC is in extremely low concentrations (Davis and Benner 2005; Kaiser and Benner 2009 ). In addition, the range of TDAA yields observed in groundwater fell within the range (23 out of 24; 96 %) observed during the bioassay experiments, further validating the quantitative approach used in this study. An average of 8 ± 4 % of the DOC in groundwater was bioavailable in this study, which is similar to estimates in other studies using bioassay measurements (Grøn et al. 1992; Romaní et al. 2006; Chomycia et al. 2008) . The TDAA yields measured in 47 groundwater samples from California, Georgia, South Carolina, and New Jersey were mostly below 1 % DOC, indicating similarly low BDOC in groundwater from a wide range Fig. 8 Regional Chromatography Model-precipitation and surface water leaches dissolved organic matter (DOM) from vegetation and plant litter and percolates through the soil column to the saturated zone. The concentration, composition, and bioavailability of DOM are altered during transport through the soil column by various physicochemical and biological processes, including sorption, desorption, biodegradation and biosynthesis. Hydrophobic molecules are preferentially partitioned onto soil minerals and have a longer retention time in soils than hydrophilic molecules. The hydrophobicity and retention time of colloids and dissolved molecules in soils are controlled by their size, polarity, charge, and bioavailability. Bioavailable DOM is subjected to microbial decomposition, resulting in a reduction in size and molecular weight. Novel molecules are synthesized by soil microbes, and some of these metabolites enter the DOM reservoir in groundwater of systems (Chapelle et al. 2009 (Chapelle et al. , 2011 . In comparison, substantially higher percentages of BDOC were measured in surface water (29 ± 1 %; this study), which is consistent when compared to average literature values for streams (11-27 %), lakes (14 %), rivers (19 %), and seawater (19 %) (Qualls and Haines 1992; Søndergaard and Middelboe 1995; Volk et al. 1997; Stutter et al. 2013) . The percentages of BDOC reported in coastal estuaries were quite variable (8-29 %) but mostly higher than those in groundwater (Moran and Hodson 1999; Raymond and Bauer 2000; Lønborg and Søndergaard 2009 ). Differences among reported estimates could be due to variable incubation times and estimation methods (Sondergaard and Middelboe 1995) . Nevertheless, BDOC in groundwater is consistently low in comparison with values for other aquatic systems.
The litter layer is an important source of DOM, and it appears leachates from the litter layer contribute to the BDOC in groundwater. The correlation between BDOC and recharge to the aquifer, as indicated by the previous 10-days of precipitation, indicates the rapid transport of BDOC through the soil. Substantial remineralization of BDOC occurs in the upper soil horizons, resulting in the relatively low concentrations of BDOC in groundwater. This interpretation is consistent with previous observations in sand and gravel aquifers that show concentrations of DOC decrease rapidly with increasing thickness of the unsaturated zone (Pabich et al. 2001) .
Amino acid-based indicators revealed that DOM in groundwater is diagenetically altered. Glycine, caminobutyric acid, and D-AA have been used as diagenetic indicators of sedimentary organic matter, estuarine and marine DOM Jørgensen et al. 1999; Kaiser and Benner 2009) . Incubation experiments in this study clearly demonstrated an enrichment of the three indicators during biodegradation, and the mole percentages of these molecular indicators were significantly higher in groundwater than those in surface water. These high values are consistent with the low BDOC, low TDAA yields, low dissolved oxygen concentrations (avg.: 44 ± 19 lmol L -1 ), and low molecular weight of DOM, indicating DOM in groundwater has undergone extensive microbial alteration. Values of the three indicators were similar to those found in deep Pacific Ocean DOM, which is highly altered and resistant to biodegradation Benner 2008, 2009 ).
The low bioreactivity of DOM in groundwater appears to be an integrated result of biotic and abiotic processes in soils and groundwater. The DOM collected from surface and ground waters showed distinct compositions during the bioassay incubations, suggesting microbial degradation of surface DOM in situ is not the only process shaping the composition of groundwater DOM. Other alteration processes must be active as surface DOM infiltrates into the groundwater. Hydrologic mixing can influence DOC concentrations in groundwater (Foulquier et al. 2010 ), but mixing does not appear to be the major factor controlling the composition of DOM in groundwater. Sorption alters the composition of DOM by preferentially removing hydrophobic macromolecules, but it has less influence on bioavailable components (e.g., amino acids and carbohydrates) (Jardine et al. 1989; Kaiser et al. 2004; Inamdar et al. 2012 ). The extremely low TDAA yields in groundwater indicate extensive microbial alteration of DOM in groundwater (Goldscheider et al. 2006) . Biodegradation experiments revealed consistently lower TDAA yields and higher mole percentages of c-Aba in groundwater DOM than in surface water DOM, implying microbial community structure could also play a role in shaping the composition and bioreactivity of DOM.
Bacterial contributions to DOM in groundwater
Several studies have demonstrated the presence of biomarkers derived from bacteria and fungi in soil organic matter (Guggenberger et al. 1999; Amelung et al. 2006; Hobara et al. 2014) , but the contributions of these microbes to DOM in groundwater have not been investigated. In the present study, the yields of D-AA indicated 15-34 % of the DOC in groundwater (avg.: 20 ± 6 %) was of bacterial origin. These relatively high values are consistent with the low bioreactivity of DOM in groundwater, revealing the important role of soil bacteria in producing, as well as consuming, DOM (Benner 2010) . The average bacterial contribution to DOC in groundwater is comparable to that in the ocean (*25 %) (Kaiser and Benner 2008) and is somewhat lower than that estimated in streams (32 ± 10 %; this study) and lake water (30-50 % DOC; Kawasaki et al. 2013) . The weak correlation between precipitation and DOC of bacterial origin indicates other factors, such as bioavailable substrates and groundwater residence time, regulate the contributions of bacterial to DOC in groundwater. The bacterial DOC in groundwater could be derived from surface water, soils in the unsaturated zone, and in situ production in groundwater.
Overall, DOM in groundwater is a mixture of components derived from various sources and altered by multiple processes, making it difficult to predict the composition and bioreactivity of DOM solely from bulk DOM analyses (Chapelle et al. 2009; Shen et al. 2012a) .The regional chromatography model is presented as a conceptual framework for understanding the sources and processes influencing the properties of DOM during its transport from the surface litter layer to groundwater. Additional studies of water transit times and pathways through soils would provide further insights about the processes shaping the concentration, composition, and bioavailability of DOM in groundwater. A fundamental understanding of these processes is needed for wise management of groundwater resources and the implementation of bioremediation strategies for contaminated groundwater.
